We present the hydrometeorology of eastern Asia during April 1995 simulated by the Regional Climate System Model. The amount and location of simulated monthly precipitation agrees well with observations. Soil water content variation was closely correlated with precipitation. Land-surface evaporation and the surface energy budget were strongly controlled by soil moisture content. A sensitivity test with reduced initial soil moisture content suggested that near-surface soil moisture spins up quickly after heavy precipitation events. However, variations in the initial soil moisture field may alter details of the simulated precipitation which can introduce further complexity in climate simulations. q 1998 Elsevier Science B.V. All rights reserved.
Introduction
Regional climate and its variation exert significant impacts on human lives and natural ecosystems. It affects the available water resources, flood and drought potentials, and agricultural productivity.
Hence, assessment of climate variability and its regional impacts is important for planning sustainable development. The significance of hydroclimate impacts on society and environments has made regional hydroclimate research one of the main focus areas of Ž . global climate research programs e.g., GEWEX .
Regional climate is a consequence of complex interactions among physical and dynamical processes at various temporal and spatial scales, ranging from climatological modulation of planetary-scale circulations to the local elements such as terrain slope, vegetation, and the presence of lakes. The main goals of regional climate modelling include understanding the interactions among these processes, determining the sensitivity of regional processes to large-scale forcing, and providing an improved re-0921-8181r98r$ -see front matter q 1998 Elsevier Science B.V. All rights reserved.
Ž . PII: S 0 9 2 1 -8 1 8 1 9 8 0 0 0 4 9 -6 ( )gional climate prediction capability. Physically-based limited-area models nested within the large-scale fields are important tools for such purposes. In recent years, a number of groups have worked toward the formulation of regional climate models based on Ž nested mesoscale models e.g., Dickinson et al., 1989; Pielke et al., 1992; Giorgi et al., 1994; Giorgi, . 1995; Kim et al., 1997 . Studies by Bates Ž . Ž . 1989 and Giorgi et al. 1993 showed that a regional climate model can produce more realistic regional features compared to GCM simulations.
Interaction between the atmosphere and land surface is an important determinant of regional climate. Evaporation from land surfaces is one of the major sources of water vapor for extratropical convection Ž . Mintz, 1984 . Soil moisture and vegetation strongly affect local energy and water exchange between the Ž atmosphere and land surface Cuenca et al., 1996;  . Kim and Ek, 1995 . Land-surface heterogeneity can generate mesoscale circulations that may significantly affect precipitation and local surface energy Ž budgets e.g., Fast and McCorcle, 1991; Avissar and . Pielke, 1989; Miller, 1995 . Improvements of the land-surface component of regional and global climate models have recently Ž become an area of intense research Dickinson et al., . 1991, Henderson-Sellers and Pitman, 1992 . Com-Ž pared to the early bucket-type models Manabe, . 1969 , the new generation of land-surface models include extensive physical processes for moisture and heat transfer within near-surface soil layers, snow budget, vegetation effects, evolution of vegeta-Ž tion characteristics, and carbon cycle e.g., Mahrt and Pan, 1984 , Dickinson et al., 1986 , Sellers et al., 1986 Pitman, 1988; Pan, 1990; Jacquemin and Noil-. han, 1990; Kim and Ek, 1995 . The significance of atmosphere-land surface interactions made evaluation and improvements of coupled atmosphere-land surface models a major topic for the Project for Intercomparison of Land-surface Parameterization Ž . Ž Schemes PILPS Phase 4 experiments Timbal et . al., 1996 . Ž The Regional Climate System Model RCSM: Miller and Kim, 1996; Kim et al., 1997; Miller et al., . 1997 was developed for physically-based modelling of regional climate, its variability, and impact assessments. One of the main functions of the RCSM is to downscale large-scale climate and weather information to watershed scales for hydrologic modelling and assessment. The RCSM is composed of a pre-Ž processor, process models, and a post-processor ( )models using large-scale analyses and local observations, surface characteristics for hydrologic models, and geographical information needed for nesting. The process models include the Mesoscale Atmo-Ž . Ž spheric Simulation MAS model , the Soil-Plant-Ž . Ž . Snow SPS model Ek, 1995 , a lumped Ž . Sacramento model: Bae and Georgakakos, 1994 Ž . and distributed TOPMODEL: Beven et al., 1994 hydrologic models. Crop production and impact assessment models are currently being included in collaboration with NCAR and NASA scientists. The process model results are archived, analyzed, and visualized by the post-processor.
The main focus of this study is the simulation of precipitation and soil moisture fields during a spring planting season and an investigation of soil moisture spin up during the simulation. The next section provides a description of the coupled MAS-SPS model, followed by results from an eastern Asian hydroclimate study and a sensitivity experiment due to initial soil moisture content.
The coupled MAS-SPS model
The coupled MAS-SPS model is the core modelling component of the RCSM. Fig. 2 schematically illustrates heat and water exchange between the atmosphere and a land surface in the MAS-SPS model. The land surface is a hypothetical composite including bare soil, free water, and a single layer canopy. Contribution from each surface element is accounted by the fraction of the surface area covered by individual elements. Downward short-and longwave radiation and precipitation are computed by the MAS model. Upward longwave radiation and turbulent heat transfer between land surfaces and the atmosphere are computed by iteratively solving a nonlinear form of the surface energy balance equation Ž . Kim and Ek, 1995 Deardorff 1978 . The calculated surface drag coefficients are also used in the SPS model to solve the surface energy balance equation and to compute the resistance of surface vegetation. Vertical eddy transport above the surface is computed using the K-theory, where the eddy diffusivities are computed using the formulation of Louis Ž . et al. 1981 with parameters estimated by Kim and Ž . Mahrt 1992 . The time-dependent forcing from the large-scale data is prescribed along the lateral bound-Ž . aries using the relaxation scheme by Davies 1976 .
The grid-scale condensation and precipitation are computed using the four-class version of the bulk Ž . cloud microphysics scheme of Cho et al. 1989 . This modified scheme neglects the microphysical processes associated with graupel, as sensitivity tests suggest that graupel does not have a significant contribution toward simulating precipitation and radiation at resolutions coarser than 10 km. Convective precipitation is calculated by the cumulus parameter-Ž . ization by Anthes 1977 . To ensure the conservation of total water, the grid-scale condensation and convective precipitation calculations are coupled such that the moisture field adjusted by convection is used to compute microphysical interactions. For this cou-Ž . pling, the original scheme of Anthes 1977 was modified in such a way that the amount of convective condensation is added to the existing hydrometeors at each model level following the heating rate. The updated hydrometeor and water-vapor fields are used to compute microphysical interactions. This method ensures conservation of total water and energy due to phase changes. It also significantly reduced the occurrence of numerical point storm events Ž . Giorgi, 1991 . One important advantage of an explicit microphysics scheme is that cloud optical properties are directly computed for radiation calculations. This can eliminate uncertainties in the radia- tive forcing that is the major energy input to the land-surface processes.
The solar and terrestrial radiation are computed Ž . following Harahvardahn et al. 1987 after effects of Ž . ice and water clouds for solar Stephens, 1978 and Ž . terrestrial Starr and Cox, 1985 radiative transfer are included. The 7-band solar radiation scheme uses the Delta-Eddington approximation for a large optical thickness and a two-stream approximation for a small optical thickness. The terrestrial radiative transfer scheme is based on the bulk emissivity of atmospheric layers.
( ) 2.2. The soil-plant-snow SPS model
We used a two-layer version of the SPS model Ž . Kim and Ek, 1995 Pan, 1984, Pan and Mahrt, 1987 . The thickness of the upper and lower soil layers was set to 5 cm and 195 cm, respectively, in this simulation. The SPS model predicts volumetric soil moisture content, soil temperature, canopy water content, and water-equivalent snow depth. The skin temperature and water vapor mixing ratio, which are used for computing heat and water vapor exchange between the atmosphere and land surfaces, are computed from the surface energy balance equation.
The governing equations for volumetric moisture Ž . Ž . content Q and temperature T for each soil layer Ž . and canopy water content W are: terms for soil moisture and soil temperature, respectively. These include infiltration, evapotranspiration, subsurface runoff, drainage, exfiltration, and transport of sub-surface water and soil heat across the Ž . Ž . lateral boundaries of a soil column. Eqs. 1 and 2 Ž . apply to the two soil layers and Eq. 3 applies to the single canopy layer.
Surface fluxes of heat and moisture are determined by solving a nonlinear form of the surface energy balance equation:
where R x is the sum of downward solar and terres-Ž y2 . trial radiation at land surfaces Wm , T is the s Ž . skin temperature K , H is the sensible heat flux
Wm , L is the latent heat flux Wm , e is the emissivity of the land surface, s is the StefanBoltzmann constant, and G is the ground heat flux Ž y2 . Wm .
Neglecting transport of surface snow a cross grid cells due to avalanche and drift, the snow water content is computed as the balance between fresh snowfall, snowmelt, and sublimation: Fig. 3a illustrates the terrain of the East Asian domain. This domain is 5400 km = 4800 km with a 60 km = 60 km resolution on a Lambert-Conformal map projection. This region is characterized by high elevation areas of the Tibetan Plateau and the Altai Mountains in the western part of the domain. The central and eastern part of the domain includes flat terrain in eastern China and the Pacific Ocean. The area of interest in this study is the densely populated regions of eastern China, the Korean Peninsula, and the Japan Islands. This area is one of the world's major grain production regions, and has been historically vulnerable to frequent floods and droughts. One of the crucial requirements for regional hydroclimate simulations is a data base to provide land surface characteristics. The required information depends on the land surface scheme to be employed.
The East Asia hydrometeorology simulation
The SPS model needs soil texture, green-leaf fraction Ž . Ž . GLF , leaf-area index LAI , and vertical distribution of root density. The coupled MAS-SPS model also can use spectral albedo, roughness length, and ( )zero-displacement height as a function of vegetation type if accurate data is available. In this study, we Ž . Ž . used the soil texture Fig. 3b of Zobler 1986 . The Ž . GLF Fig. 4a and LAI Fig. 4b were obtained from Ž . Gutman and Iganov 1997 and the NASArGSFC Ž . DAAC 1995 , respectively. The GLF and LAI over the East Asian domain were prescribed by linearly interpolating the monthly-mean values. Due to a lack of data, we assumed that vegetation root density is uniform through the model soil layers.
Initial conditions and time-dependent lateral boundary conditions for this simulation were ob-Ž .
Ž . Ž . tained from the 2.58 = 2.58 resolution National Cen-Ž . ter for Environmental Prediction NCEP global re-Ž . analysis data Kalnay et al., 1996 . The global atmospheric fields were interpolated on the mesoscale model grid using the Cressman objective analysis Ž . scheme Cressman, 1959 . The reanalysis data set provides, in addition to the global atmospheric fields, global surface information at 6 h intervals. We used the reanalysis data to obtain initial fields for soil Ž . temperature, and soil moisture content Fig. 5 . The Ž . sea-surface temperature SST field was updated at 12 h intervals from the NCEP reanalysis SST data.
Results
The simulated and observed monthly-mean precipitation is presented in Fig. 6 . The observed precipitation was obtained from the Global Precipitation Ž . Climatology Project GPCP . During the spring season, precipitation in East Asia is usually associated with fast-moving polar lows from the north and the low pressure systems originating from southeastern slopes of the Tibetan Plateau, near Sichuan province. The simulated main precipitation band is located across the Yangtze River basin, East China Sea, and the Japan islands. The location and amount of the main precipitation band closely agrees with the GPCP Ž . Ž . data Fig. 6b and storm tracks Fig. 7 during April 1995. Precipitation at the eastern Yangtze River Basin exceeded 10 mmrday. Snowfall occurred at the northern regions and high elevation areas during Ž . this period not shown . Even though snowfall was light, it appears to have significantly affected surface albedo.
Soil moisture fields were closely correlated with simulated precipitation. Wet soil layers appear along the main precipitation band from the eastern part of Ž . the Yangtze River basin to the Japan Islands Fig. 8 . Soils were dry across central and western China and the Indo-China peninsula. Variation of the upper Ž . layer soil moisture during the simulation Fig. 9 shows that major gain of soil moisture occurred along the main precipitation band, especially at the eastern Yangtze River basin. Significant drying of the upper soil layer occurred at the southern China, the Indo-China peninsula, and in the eastern Tibetan Plateau where precipitation was light. Deep soil Ž . moisture not shown changed more gradually, gaining moisture along the main precipitation band and losing elsewhere. Fig. 10 shows the response of the upper and lower layer soil moisture content to pre- cipitation over a region at the eastern Yangtze River Ž . basin A1 in Fig. 3a . During the first 12 days, soil moisture decreased in both layers. The upper soil layer moisture decreased about 1.5-times faster than the lower layer. As precipitation began on day-13, soil moisture at both soil layers increased in response to rainfall. The upper soil layer moisture rapidly fluctuated in response to rainfall events and quickly decreased after precipitation ended. The lower soil layer moisture continued to increase with each pre- cipitation event. This implies that infiltration of soil moisture during precipitation events is much faster than the depletion of soil water due to transpiration which is the main cause of deep soil water loss over Ž . vegetated areas Kim and Ek, 1995 . Radiation is the major forcing term in the landsurface energy budget. Detailed cloud microphysics and radiative transfer schemes, including formulations to account for effects of water and ice clouds on short-and longwave radiation, enable the MAS model to simulate physically-based radiative forcing fields. The simulated monthly-mean surface insola-Ž . tion Fig. 11a reflects the effects of cloud cover on surface insolation along the main precipitation band. Note that the monthly-mean surface insolation presented in Fig. 11a includes night time values. Weak surface insolation appeared along the main precipita-Ž tion band where planetary albedo is also high Fig. . Ž 11b . Weak surface insolation at high latitudes north . of 508 N is due to a decrease of the solar zenith angle with increasing latitudes. Planetary albedo varied in response to cloud cover and surface snow cover. At low latitudes, positive anomaly of planetary albedo is due to cloud cover along the precipitation band. High albedo over the Tibetan Plateau, Mongolia, and Siberia is due to the presence of surface snow cover.
Local surface energy budgets were significantly Ž . affected by soil moisture content Fig. 12 . Over the Ž wet soil surface of eastern Yangtze River basin A1 . in Fig. 3a , latent heat flux dominated sensible heat flux. Sensible heat flux dominates latent heat flux Ž over the dry soil surface of northern China A2 in . Fig. 3a . Note that local noon for A1 and A2 is 04:30 UTC. One interesting feature of the surface energy budget is that soil heat flux was a significant compo- Fig. 10 . Simulated daily precipitation and soil moisture over the area A1 in Fig. 3a . Note that precipitation is inverted. nent of the surface energy budget during this early spring season for both areas. Soil heat flux was about the same magnitude as the sensible heat flux and Ž . underwent a strong diurnal cycle Fig. 12 . This significance of soil heat flux may cause a difficulty in computing the surface energy budget, as it strongly depends on the temperature gradient and moisture content in the near-surface soil layer. In addition, few observations are available to evaluate the simulated soil heat flux term.
Despite its importance, obtaining an accurate soil moisture field over a large area is a difficult task. Therefore, a certain degree of uncertainty is unavoidable in prescribing soil moisture fields. Many off-line land surface modelling studies perform long-term Ž spin-up simulations to obtain equilibrium states e.g., . Ž . Chen et al., 1997 . Yang et al. 1995 found that the length of spin-up time in land surface models depends nonlinearly on parameters included in the model physics. Such an approach may not be used in coupled atmosphere-land surface modelling using historical data since feedback between the atmosphere and land surface may alter atmospheric forcing. A significant increase in the degree of freedom in a coupled model may cause delayed spin-up or spin-up into a different equilibrium state.
To investigate the effects of uncertainties in the initial soil moisture content on the simulated atmosphere-surface interactions, we carried out a sensitivity experiment in which the initial soil moisture field was set to 70% of the control simulation presented above. Even though reduction in the initial soil moisture field did not affect the general pattern Ž . of simulated fields not shown , there was recognizable local effects in some areas. Location of the main rainband was shifted to the north by 1-2 grids over southern China. Over the Korean Peninsula and Japan Islands, the location of the main rainband did not change. Fig. 13 compares precipitation and upper Fig. 13 . Daily precipitation and upper layer soil moisture in the Ž . control simulation solid line and dry initial soil simulation Ž . dashed line at areas A1, A2, and A3 in Fig. 3a . Note that precipitation is inverted.
( )soil layer moisture variation from the two simula-Ž . tions at three locations A1, A2, and A3 in Fig. 3a . The most significant effects of reduced initial soil moisture on precipitation appeared at southern China Ž . A1 , especially during the April 15-18 storm. At Ž . Ž . northern China A2 and the Korean Peninsula A3 , effects of initial soil moisture on precipitation were relatively small. Upper layer soil moisture responded quickly to precipitation in both simulations. At northern China and Korean Peninsula, soil moisture in the two experiments converged to a common value during the second half of the simulation. Quick convergence of soil moisture from the two simulations is clear after each precipitation event. Soil Ž . moisture at southern China A1 in the two simulations did not converge to a common equilibrium value even though they approach each other toward the end of the simulation. This may be caused by an alteration in the rainfall due to different initial soil moisture fields. At all three regions, the lower layer soil moisture from the two simulations was converging to each other, especially at the Korean Peninsula Ž . not shown .
Conclusions
Ž . The Regional Climate System Model RCSM is an important tool for investigating regional climate variability and its impact on hydrology, water resources, and ecosystems. The coupled MAS-SPS model of the RCSM well simulated weather systems in eastern Asia during April 1995. The amount and location of the simulated precipitation agrees well with the observations. The main precipitation band was located across the Yangtze River basin, East China Sea, and the Japan Islands. Heaviest precipitation occurred at the eastern Yangtze River basin where rainfall maxima exceeded 10 mmrday. Orographic precipitation at the southern Korean Peninsula was well simulated.
Upper soil moisture rapidly varied in response to precipitation as it was marked by sharp increases during precipitation, followed by rapid decreases as precipitation ends. Lower layer soil moisture also sharply increased in response to precipitation. Decrease of soil moisture was much slower in the lower layer than in the upper layer. This suggests that infiltration into the deep soil layer during heavy precipitation is faster than the depletion of deep soil moisture by transpiration. During the study period, increases in soil moisture occurred along the main precipitation band. Major drying of soils occurred over the Indo-China peninsula and central-eastern China where precipitation was light.
The simulated solar radiation and planetary albedo were affected mostly by enhanced cloud cover along the main precipitation band and by the existence of surface snow cover at high latitudes. The simulated surface insolation near the precipitation maxima was, on the average, 30-60 Wm y2 below its surrounding relatively clear areas. As radiation is the main component of the surface energy budget, direct calculation of cloud optical properties and their impacts on radiative transfer using an explicit microphysics scheme is an important capability of the coupled MAS-SPS model for studying atmosphere-surface interactions.
The simulated surface energy budget suggests that soil moisture content is one of the most important factors controlling the surface energy budget. Latent heat flux dominated sensible heat flux over wet soil regions. Maximum overland evaporation occurred over the Yangtze River basin where the soil moisture content was highest despite reduced solar radiation due to cloud cover. Another important component in the surface energy budget was soil heat flux. The magnitude of soil heat flux was comparable to that of sensible heat flux during this early spring season.
The sensitivity experiment with reduced initial soil moisture content suggests that upper layer soil moisture field approaches an equilibrium value rather quickly after heavy precipitation events in most areas. However, in some areas, differences in the initial soil moisture field can be locally altered by the simulated rainfall. This in turn caused the soil moisture fields simulated with different initial values differ significantly from each other. This may introduce large uncertainties in short-term regional simulations. 
